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ABSTRACT
To investigate the mass dependence of structural transformation and star formation quenching, we construct three galaxy
samples using massive (M∗ > 10
10M⊙) red, green, and blue galaxy populations at 0.5 < z < 2.5 in five 3D–HST/CANDELS
fields. The structural parameters, including effective radius (re), galaxy compactness (Σ1.5), and second order moment of 20%
brightest pixels (M20) are found to be correlated with stellar mass. Se´rsic index (n), concentration (C), and Gini coefficient
(G) seem to be insensitive to stellar mass. The morphological distinction between blue and red galaxies is found at a fixed
mass bin, suggesting that quenching processes should be accompanied with transformations of galaxy structure and morphology.
Except for re and Σ1.5 at high mass end, structural parameters of green galaxies are intermediate between red and blue galaxies
in each stellar mass bin at z < 2, indicating green galaxies are at a transitional phase when blue galaxies are being quenched
into quiescent statuses. The similar sizes and compactness for the blue and green galaxies at high-mass end implies that these
galaxies will not appear to be significantly shrunk until they are completely quenched into red QGs. For the green galaxies at
0.5 < z < 1.5, a morphological transformation sequence of bulge buildup can be seen as they are gradually shut down their star
formation activities, while a faster morphological transformation is verified for the green galaxies at 1.5 < z < 2.5.
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1. INTRODUCTION
It is well known that the dichotomy of galaxy popula-
tions, which has been revealed in the local universe (e.g,
Strateva et al. 2001; Baldry et al. 2004), exists up to z ∼ 2.5
(e.g, Brammer et al. 2009; Xue et al. 2010; Whitaker et al.
2011). In the color−magnitude diagram, abundant quiescent
galaxies and a small amount of dusty star-forming galax-
ies are distributed along with a linear sequence, which is
called “red sequence” (RS). Conversely, star-forming galax-
ies (SFGs) mainly occupy an extended region, which is called
“blue cloud” (BC). As star formation activities in SFGs are
gradually ceased, the galaxies would move across an in-
termediate zone between BC and RS, so-called “green val-
ley” (GV). From the view angle of morphologies and struc-
tural parameters, such as Se´rsic index (n), effective radius
(re), compactness (Σ1.5), Gini coefficient (G), concentration
(M20), and the second order moment of the 20% brightest
pixels, the GV galaxies are proved to be at the transitional
phase when SFGs are being quenched into red quiescent
galaxies (QGs) (Pandya et al. 2017; Gu et al. 2018).
The evolution of massive galaxies is, in a sense, a pro-
cess of mass assembly. Stellar mass is a crucial physical
property of a galaxy that is naturally thought to be re-
lated to other physical properties. It is well known that
for SFGs the star formation rate (SFR) is found to be
tightly correlated with the stellar mass, which is called the
“star forming main sequence” (SFMS). According to the
SFR–M∗ relation, SFGs are thought to grow steadily and
smoothly, reaching a balance between gas inflow and new
star formation (e.g., Elbaz et al. 2007; Dekel et al. 2013;
Mancuso et al. 2016). The SFMS can be sensed by its pres-
ence to higher redshifts, even up to z ∼ 4 (e.g., Elbaz et al.
2007; Salim et al. 2007; Wuyts et al. 2011a; Speagle et al.
2014; Whitaker et al. 2014; Tomczak et al. 2016). Moreover,
it has also been observed that galaxy properties change sig-
nificantly once they deviate from the SFMS on the SFR–M∗
plane (Wuyts et al. 2011b; Brennan et al. 2017; Lee et al.
2018). Considering the strong correlation between galaxy
structural properties and deviation from the SFMS, it is
highly possible that the stellar mass assembly has simultane-
ously affected their structures and star formation properties.
Besides the SFR–M∗ relation, stellar mass is thought to
be related to other physical properties. Kauffmann et al.
(2003) found strong correlations between star formation his-
tory, stellar mass, and structural parameters on the basis of
spectral analysis using a large sample of SDSS galaxies. The
massive SDSS galaxies withM∗ > 3×10
10M⊙ are found to
be more concentrated and dominated by older stellar popula-
tions, whereas the low-mass galaxies are likely to have lower
concentrations and younger stellar ages. Many previous stud-
ies discuss the mass dependence of galaxy structure between
QGs and SFGs (e.g., van der Wel et al. 2014; Lang et al.
2014; Whitaker et al. 2015, 2017; Argudo-Ferna´ndez et al.
2018; Mowla et al. 2018; Matharu et al. 2019; Miller et al.
2019). For two main classes of galaxies at high redshifts,
their stellar masses have also been found to be correlated
with structure parameters (e.g., the size – mass relation and
the density – mass relation) (Barro et al. 2017; Lee et al.
2018). The QGs and SFGs show different dependencies
of size on the stellar mass up to z ∼ 3 (Shen et al. 2003;
Daddi et al. 2005; Trujillo et al. 2007; Newman et al. 2012;
Barro et al. 2013; van der Wel et al. 2014). Compared with
the SDSS galaxies in the local universe, the high-z galax-
ies in the early epoch tend to be smaller and more compact.
Barro et al. (2017) unveiled that the surface densities within
the core region (R < 1kpc) (Σ1) and at effective radius (Σe)
show different tight correlations with the stellar mass, which
manifests a synchronous mass growth of disk and core for
SFGs. Moreover, a “downsizing” picture is expected that
more massive galaxies complete the bulk of star formation
earlier than galaxies with lower stellar masses (Cowie et al.
1996; Gonc¸alves et al. 2012). In a word, stellar mass is an
important quantity to determine the structure and star forma-
tion history for a galaxy.
Recently, Gu et al. (2018) have constructed a large sample
of massive red, green, and blue galaxies withM⊙ > 10
10M∗
at 0.5 6 z 6 2.5 in five fields of 3D–HST/CANDELS. By
adopting our redshift dependent definitions of RS, GV, and
BC galaxies via the extinction-corrected rest-frame (U−V)
color versus the stellar mass diagram, we carried out an in-
vestigation on morphologies, AGN fractions, dust content,
and environments for the red, green, and blue galaxy pop-
ulations at 0.5 < z < 2.5 in 3D–HST/CANDELS fields
(Grogin et al. 2011; Koekemoer et al. 2011; Skelton et al.
2014), and unveiled a “downsizing” quenching picture
(Gu et al. 2018).
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In this work, we set out to provide empirical relations be-
tween stellar mass and other galaxy properties for the three
subsamples of BC, GV, and RS galaxies at various redshift
bins. Based on our large sample, we should figure out how
the structures and star formation rates depend on the stellar
mass for three galaxy populations, which will shed light on
how galaxies with various stellar masses alter their structures
during the cessation of their star formation activities at vari-
ous redshifts. We should also present a morphological map
in the SFR–M∗ plane, and estimate the time scale of quench-
ing over cosmic time. To avoid the potential bias induced by
the mass selection, three mass-matched samples of the red,
green, and blue galaxies will be constructed to verify the sce-
nario that the green galaxies are at a transitional phase when
the blue galaxies are being quenched into the quiescent ones.
The structure of our paper is organized as follows. The
3D–HST/CANDELS data set and our sample construction
are described in Section 2. We examine the mass depen-
dence of the morphological parameters in Section 3. Galac-
tic morphology and the link to its location in the SFR–M∗
plane are presented in Section 4. In Section 5, structure pa-
rameters varying with mass and redshift, the average transi-
tion time scale, and the mass-matched samples are discussed.
Finally, a summary is given in Section 6. Throughout our
paper, we adopt the cosmological parameters as following:
H0 = 70 km s
−1Mpc−1, Ωm = 0.30, and ΩΛ = 0.70.
2. DATA
2.1. CANDELS and 3D–HST
Our work is based on the data fromCANDELS (Grogin et al.
2011; Koekemoer et al. 2011) and 3D–HST (Skelton et al.
2014) programs, which provide abundant multi-wavelength
photometric data at wavelengths of 0.3−8.0 µm from many
space- and ground-based telescopes in five different fields:
AEGIS, COSMOS, GOODS-N, GOODS-S, and UDS. The
total sky coverage of these five fields is over 900 arcmin2,
which is helpful to minimize the effect of cosmic variance.
Photometric redshifts, rest-frame colors, and stellar
population parameters have been derived for the 3D–
HST/CANDELS (Skelton et al. 2014) by fitting the spectral
energy distribution (SED) of each galaxywith a linear combi-
nation of seven templates via the EAZY code (Brammer et al.
2008). In this work, we prefer to take the spectroscopic red-
shift if available. For the remaining galaxies without spectro-
scopic redshift, we adopt the photometric redshifts derived
from Skelton et al. (2014). To better estimate the dust at-
tenuation (AV ) for the SFGs at high redshifts and following
Wang et al. (2017), we construct galaxy templates by taking
the Maraston (2005) stellar population synthesis (SPS) mod-
els which add the contribution of asymptotic giant branch
stars, instead of taking the Bruzual & Charlot (2003) SPS.
Assuming an exponentially declining star forming history
with e-folding timescales ranging from 108 to 1010 yr, the
Calzetti et al. (2000) extinction law, and the Kroupa (2001)
initial mass function (IMF), we re-estimate the stellar pop-
ulation parameters using the FAST code (Kriek et al. 2009).
The derived values of the stellar mass and the dust attenua-
tion will be adopted to construct the samples of red, green,
and blue galaxies in Section 2.4.
2.2. Structural Parameters and Morphological
Classification
Morphologies and structures of galaxies are packed with
the information about the kinematics and evolutionary his-
tory (e.g., Kormendy & Kennicutt 2004). For a more com-
prehensive analysis of morphologies and structures, it is
helpful to combine the Se´rsic parameters, the nonparametric
measurements, and the deep learning classifications together.
2.2.1. Parametric Measurements
The surface brightness of galaxies is widely parameterized
by the single Se´rsic profile with an effective radius (re) and a
Se´rsic index (n). The star-forming galaxies tend to be disk-
like with n ∼ 1, whereas the quiescent galaxies are more cus-
pidal (e.g., Wuyts et al. 2011b; Bruce et al. 2012; Bell et al.
2012; Conselice 2014). The Se´rsic index (n), the effec-
tive radius (re), and the axis ratio (b/a) are measured using
the HST/WFC3 JF125W and HF160W photometries. As pre-
sented in van der Wel et al. (2012), these structural parame-
ters are well measured with GALFIT (Peng et al. 2002). In
this work, the rest-frame optical morphologies are traced by
J-band images at 0.5 < z < 1.5 and by H-band images at
1.5 < z < 2.5. It is found that accurate measurements — to
10% or better — of all structural parameters can typically be
obtained for galaxies with HF160W < 23, with comparable
fidelity for size and shape measurements to HF160W ∼ 24.5
(van der Wel et al. 2012).
2.2.2. Nonparametric Measurements
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Figure 1. The redshift (left panel) and the stellar mass (right panel) distributions for the RS, GV, and BC galaxies at 0.5 < z < 2.5, denoted
by the red dotted, the green solid, and the blue dashed lines, respectively.
Figure 2. The rest-frame color-color diagram for massive galaxies
at 0.5 < z < 2.5, where the red dotted, the green solid, and the blue
dashed contours represent the RS, GV, and BC galaxy populations,
respectively. The widely adoptedWilliams et al. (2009) criteria sep-
arating SFGs from QGs at 0.5 < z < 1.0 and z > 1.0 are shown
as the gray dashed and solid lines, respectively.
The model-independent nonparametric measurements are
advantageous for galaxies at high redshifts, where a larger
fraction of them may be irregular and do not have distinct
centers (see the review by Conselice 2014). The concen-
tration index (C) describes the aggregation degree of the
surface brightness distribution of a galaxy (Abraham et al.
1994). The Gini coefficient (G) is a statistical coefficient
to quantify the uniformity of light distribution (Lotz et al.
2004). The second-order moment of the 20% brightest pix-
els (M20) traces the substructures in a galaxy, such as bars,
spiral arms, and multiple cores (Lotz et al. 2004).
We have performed measurements of these nonparamet-
ric parameters for all galaxies in the five 3D-HST/CANDELS
fields, using theMorpheus software developed by Abraham et al.
(2007). Our measurements have been used and tested by
many previous works (Kong et al. 2009; Wang et al. 2012;
Fang et al. 2015; Gu et al. 2018). It is shown that the non-
parametric measurements depend strongly on the Signal-
to-Noise ratio per pixel (S/N), especially for S/N ≤ 2
(Lotz et al. 2004; Lisker et al. 2008). One of our selec-
tion criteria, use phot = 1, ensures a reliable detection
in HF160W with S/N > 3 (see Section 2.4). In addition, it is
found that there is good correspondence between the visual
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morphological types and their distributions in the G −M20
diagram. Therefore the nonparametric measurements for our
sample are reliable and will not suffer from the S/N effect.
2.2.3. Morphological Classifications By Deep Learning
The aforementioned structural parameters quantifying
galactic structures reduce the complexity of galaxy classi-
fication. However, it might neglect an enormous amount
of information contained in pixels. The deep-learning al-
gorithm can use all of the pixels as the parameter space
to quantify the morphological type. Based on the H-band
images for the five CANDELS fields, a catalog of morpho-
logical classification based on deep-learning algorithm has
been given by Huertas-Company et al. (2015), which will
be adopted for further analysis. It includes the probabili-
ties of having spheroid (fspheroid), having disk (fdisk), hav-
ing some irregularities (firr), being a point source (fPS),
or being unclassifiable (fUnc). With the selection crite-
ria in Huertas-Company et al. (2015), the massive galaxies
can be classified into four typical morphological classes:
(1) spheroidal galaxies (bulge dominated), (2) early-type
disk galaxies (bulge dominated and having a disk), (3)
late-type disk galaxies (disk dominated), and (4) irregu-
lar galaxies (including the irregulars and mergers). We
specify these four classes as SPH, ETD, LTD, and IRR,
for short. By cross-matching the morphological catalog of
Huertas-Company et al. (2015), about 90% of the massive
galaxies in our sample have been classified into these four
typical morphologies. We further classify the remaining
galaxies with eyeballing inspection.
2.3. Star Formation Rates
Considering contributions from both UV and IR emissions,
the SFRs of galaxies in the five CANDELS fields have been
estimated by Whitaker et al. (2014), assuming that the IR
emission of galaxies (LIR) originates from the dust heated
by the obscured UV light emitted by young, massive stars.
By default, there is an estimate of SFRUV for each galaxy
derived from its SED-based rest-frame NUV luminosity at
2800A˚. According to a ladder of SFR indicator based on
the prescription given by Wuyts et al. (2011a), the SFR con-
tributed by heated dust can be derived using a single MIPS
measurement at 24 µm. Thus, by adding its IR contribution
to that of the obscuredUV luminosity (LUV), the total SFR of
galaxies can be calculated. Using the conversion of Bell et al.
(2005) and scaling to the Chabrier (2003) IMF, the SFRs can
be derived by
SFRUV+IR[M⊙ yr
−1] = 1.09× 10−10(LIR + 2.2LUV)/L⊙,(1)
where LIR is the integrated luminosity at 8-1000 µm, and
LUV represents the luminosity from 1216A˚ to 3000A˚ in the
rest frame. LUV can be estimated by the rest-frame contin-
uum luminosity at 2800A˚:LUV = 1.5L2800, where the factor
of 1.5 accounts for the UV spectral shape of a 100 Myr old
population with a constant SFR.
If the MIPS 24 µm data are unavailable, the effect of dust
attenuation on the UV-based SFR can be corrected by assum-
ing the Calzetti et al. (2000) dust attenuation curve:
SFRUV,corr[M⊙ yr
−1] = SFRUV × 10
0.4×1.8×AV , (2)
where SFRUV = 3.6 × 10
−10 × L2800/L⊙ assuming a
Chabrier (2003) IMF (Wuyts et al. 2011a), AV is the SED-
based optical attenuation yielded by the FAST code, and the
factor of 1.8 convertsAV to that at 2800A˚ when adopting the
Calzetti et al. (2000) attenuation curve.
2.4. Sample Selection
We construct a sample of massive galaxies with reliable
detection (use phot = 1) and log(M∗/M⊙) > 10 in the
five 3D–HST/CANDELS fields (Gu et al. 2018). The flag of
use phot = 1 assigned to a galaxy indicates that the source
(1) is not a star and not close to a bright star; (2) is well ex-
posed, namely, requiring that each object securely detected
is covered by at least two individual exposures in each of
the F125W and F160W bands; (3) has a signal-to-noise ratio
S/N > 3 in the F160W image; and (4) has a passable photo-
metric redshift fit and a non-catastrophic stellar population fit
(See Section 3.8 in Skelton et al. 2014). Our sample contains
8244 massive galaxies at 0.5 < z < 2.5, and the majority
(∼ 99%) of galaxies have HF160W < 23.5. Since we only
focus on the massive galaxies with reliable detection, most
galaxies in our sample are bright enough (HF160W < 24.5),
ensuring reliable measurements of the structural parameters.
The fainter galaxies with HF160W > 24.5 only make up a
very small portion (∼ 1%), and we get rid of these galaxies
from our sample.
After taking dust attenuation into account, Wang et al.
(2017) found that the intrinsic rest-frame colors of SFGs and
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QGs depend on the stellar mass and the redshift. The follow-
ing color-based separation criteria are built to define the BC,
GV, and RS galaxy populations:
(U − V )rest −∆AV = 0.126 log(M∗/M⊙) + 0.58− 0.286z;
(U − V )rest −∆AV = 0.126 log(M∗/M⊙)− 0.24− 0.136z,
where ∆AV = 0.47AV is the extinction correction of rest-
frame U − V color, and the correction factor of 0.47 is cal-
culated according to the Calzetti et al. (2000) extinction law.
Adopting the above selection criteria, our massive galaxies at
0.5 6 z 6 2.5 are divided into blue, green, and red galaxies,
corresponding to the three galaxy populations in the BC, GV,
and RS, respectively.
At first, we exhibit the redshift (left panel) and the stel-
lar mass (right panel) distributions for the blue, green, and
red galaxies in Figure 1. As shown, the blue galaxies are
predominate at high redshifts (z > 1.5), and the mass distri-
bution of blue galaxies is significantly different from those of
green and red galaxies. A larger proportion of blue galaxies
can be found at the lower mass end. Since the morphology
and structure of galaxies may depend on the stellar mass, the
potential mass effects on the statistics of galaxy morphology
and structural parameters might be induced due to the differ-
ent mass distributions of the three galaxy populations, which
has been mentioned by Pandya et al. (2017).
The UVJ color diagram is widely used to separate galaxies
into star-forming and quiescent (e.g., Williams et al. 2009;
Straatman et al. 2016; Fang et al. 2018). Figure 2 shows
the rest-frame U − V versus V − J colors for the BC,
GV, and RS populations. The widely adopted cut-off rules
(Williams et al. 2009) are illustrated as the dashed and solid
lines for 0.5 < z < 1.0 and z > 1.0, respectively. We find
that the wedge-shaped quiescent region is dominated by the
red galaxies, whereas the rest star-forming region is mainly
occupied by the blue SFGs. Furthermore, the green galax-
ies are scattered around the separation lines, just between the
crowded regions of the blue and red galaxies. In general, our
separation criteria based on the dust-corrected colors work
very well in population selection. The dust-corrected U − V
colors may trace the intrinsic colors of galaxies.
Figure 3 shows the comoving number densities of the mas-
sive blue, green, and red galaxies as a function of redshift,
where we apply a minimum systematic fractional uncertainty
of 5%, following Muzzin et al. (2013) and Pandya et al.
Figure 3. The number densities of the BC (blue), GV (green), and
RS (red) galaxies as a function of redshift, superimposed by the cor-
responding cubic polynomial fittings (lines) and uncertainties (shad-
ows).
(2017). We also apply the cubic polynomial fittings for
the three galaxy populations, which would be used to esti-
mate the transition time-scale on average in Section 5.3. In
general, the number densities of the green and red galax-
ies increase with cosmic time. The number density of blue
galaxies increases at z > 1 and shows a deceasing trend
since z ∼ 1. A similar trend has been shown by Pandya et al.
(2017), who classified galaxies into SFGs, transition galax-
ies, and QGs based on the specific star formation rate defined
as SSFR ≡ SFR/M∗.
3. MASS DEPENDENCE OF GALACTIC STRUCTURE
In this section, we focus on the correlations between the
stellar mass and various structural parameters, including
parametric measurements (i.e., re and n), galaxy compact-
ness (Σ1.5), and non-parametric ones (i.e., C, G, and M20),
for the BC, GV and RS galaxies. The structural parameters
versus mass diagrams for the three galaxy populations in four
redshift bins are shown in Figure 4.
To explore the mass dependence of galactic structural
properties and its cosmic evolution, our red, green, and blue
galaxies are further divided into three stellar mass bins with
an interval of 0.4 dex (i.e., 10.0 6 log(M∗/M⊙) < 10.4,
10.4 6 log(M∗/M⊙) < 10.8, and log(M∗/M⊙) > 10.8),
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and into four redshift bins with an interval of 0.5 (i.e., 0.5 6
z < 1, 1 6 z < 1.5, 1, 5 6 z < 2, and 2 6 z 6 2.5). For
each specific structural parameter, we would use the median
(symbol) and the 25th to 75th percentiles (error bar) of each
galaxy population to discuss its correlation with the stellar
mass and evolution with the redshift. To show how the struc-
tural parameters of red, green, and blue galaxies vary with
the stellar mass and the redshift, we apply linear fittings to
the structural parameters as a function of the stellar mass. It
is noted that the fitting results for the blue galaxies are mainly
determined by galaxies with 1010 < M∗/M⊙ < 10
10.8,
since a very small fraction (∼ 5%) of the blue galaxies are
found with M∗ > 10
10.8M⊙ (see the right panel of Figure
1). And the fitting results for the blue galaxies at the high-
mass end are largely driven by the extrapolation of trends
seen at lower mass.
Inspired by Lee et al. (2018), we also introduce the Spear-
man’s rank correlation coefficient, rs, to describe the mono-
tonic relationship between the morphological parameter and
the stellar mass. The coefficients for various subsamples
are given at the right bottom of each panel in different col-
ors. Throughout the paper, we apply the following standards:
|rs| 6 0.2means no significant correlation; 0.2 < |rs| 6 0.4
means a weak correlation; 0.4 < |rs| 6 0.6 means a clear
or moderate correlation; 0.6 < |rs| 6 0.8 indicates a strong
correlation; and 0.8 < |rs| 6 1.0 indicates an extremely
strong correlation.
3.1. The Size–Mass Relation
For a given redshift and mass bin, the star-forming galaxies
are significantly larger in size than quiescent systems in the
rest-frame optical band (e.g., Shen et al. 2003; Newman et al.
2012; Lang et al. 2014; van der Wel et al. 2014; Allen et al.
2017). In other words, it is found that the star-forming and
quiescent galaxies follow significantly different size–mass
relations.
The size–mass distributions for the three galaxy popula-
tions within four redshift regions are shown in the first line
of Figure 4. On average, the effective radius tends to in-
crease with the stellar mass and cosmic time for the three
galaxy populations. The size distinction between blue and
red galaxies is significant in each redshift bin; the distinc-
tion tends to be smaller with increasing the stellar mass. At
high stellar masses (M∗ > 10
10.8M⊙), the size distinction
among the three galaxy populations tends to become subtle
at all redshifts.
The blue galaxies show a weak size–mass correlation
which is indicated by the smallest slope (∼ 0.2) and cor-
relation coefficient (rs = 0.20 − 0.26) over the whole red-
shift range. This supports the scenario in which the blue
galaxies assemble stellar mass and increase their radii pro-
gressively (van Dokkum et al. 2015). Generally, the green
galaxies have intermediate slopes compared to the other
two populations. The size difference between blue and red
galaxies tends to be more remarkable at lower masses and
redshifts. The green galaxies with M∗ < 10
10.4M⊙ have
smaller sizes than the blue galaxies at 0.5 < z < 2.0, and
they obey almost the same size-mass relation at z > 2.0.
Compared with the green and blue galaxies, the red galaxies
show the steepest slope and the highest correlation coefficient
(rs = 0.32− 0.66) for each redshift bin.
3.2. The Se´rsic Index-Mass Relation
The Se´rsic index versus mass diagrams for the three galaxy
populations in four redshift bins are shown in the second line
of Figure 4. In general, the structural difference between blue
galaxies and red galaxies are significant. The light profile
of quiescent galaxies is cuspier (higher n) than star-forming
systems over the whole mass range. At 0.5 < z < 1.5,
the three galaxy populations are found to have an increasing
trend of the Se´rsic index along the stellar mass, indicating
that mass assembly leads to a clear buildup of bulge. This
tendency has been found by other works (e.g., Lang et al.
2014). According to the correlation coefficients (rs), we only
find a weak n −M∗ correlation (rs = 0.27 − 0.30) for the
red, green, and blue galaxies at 0.5 < z < 1. The blue
and green galaxies are found to have similar Se´rsic indices
(n ∼ 1.5) at higher redshifts (z > 2). However, for galax-
ies at 1.5 < z < 2.5, the shape of their profile seems to be
insensitive to the stellar mass, with |rs| < 0.05.
The green galaxies are found to have intermediate Se´rsic
indices at 0.5 < z < 2. It suggests that quenching process
is accompanied by the transformation of galaxy structural ap-
pearances for galaxies at z < 2 within a wide mass range. As
galaxies move from BC to RS, their overall light profiles be-
come cuspier (i.e., with a higher n). Previous works point out
that quenching mechanisms are tightly coupled to the bulge
(e.g., Cameron et al. 2009; Wuyts et al. 2011a; Bluck et al.
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2014). Assuming the Se´sic index n is a proxy for bulge-
dominance, it is found that galaxy quenching is accompanied
with the buildup of bulge component.
3.3. The Mass Dependence of Galaxy Compactness
The stellar mass density of galaxies has been supposed to
connect the quiescent levels, and the surface density shows
a strong correlation with the stellar population (Bell et al.
2012; Lang et al. 2014; Whitaker et al. 2017). Omand et al.
(2014) show that quenching depends both on the stellar
mass and the effective radius in the local Universe. Particu-
larly, the quiescent fraction depends on the quantityM∗r
−α
e .
Newman et al. (2012) derive α−1 = 0.59− 0.69 for the QGs
at 0.4 < z < 2.5. Based on the observed trend in the size-
mass relation for QGs, Barro et al. (2013) define the global
degree of galaxy compactness (hereafter Σ1.5) as the stellar
mass divided by the effective radius to the power of 1.5:
Σ1.5 ≡M∗r
−1.5
e [M⊙ kpc
−1.5]. (3)
This quantity lies between the surface stellar density, Σe ∝
M∗r
−2
e , and the inferred velocity dispersion, σ
2 ∝ M∗r
−1
e .
These two quantities (i.e.,M∗r
−1
e andM∗r
−2
e ) are confirmed
to be strongly correlated with color and SFR up to high red-
shifts (e.g., Franx et al. 2008; Patel et al. 2013; Omand et al.
2014; Barro et al. 2017). However, it is found that Σ1.5 is
the best one-dimensional description of quiescent fraction
(Omand et al. 2014).
The third line of Figure 4 shows the Σ1.5 distribution as
a function of stellar mass for the three galaxy populations
in four redshift bins. The blue galaxies at 0.5 < z < 2.5
show very clear correlations (rs > 0.4) between Σ1.5 and
stellar mass, which can be expected by the size-mass rela-
tions shown in first line. The weak mass dependence of size
for blue galaxies means that mass assembly in blue galaxies
could not effectively cause the growth of radius on average,
which will lead to an increase of Σ1.5. The green galaxies
also show a moderate correlation except at 0.5 < z < 1.
Compared with blue galaxies, the green galaxies at higher
redshifts seem to have more significant and similar mass de-
pendence of galaxy compactness. The red galaxies in four
redshift bins are found to have the weakest Σ1.5−M∗ corre-
lation.
For a specified mass bin, the typical Σ1.5 value of red
galaxies is significantly higher than those of blue and green
galaxies. It suggests that galaxies have a large global com-
pactness when they are completely quenched, which sup-
ports that Σ1.5 is a good indicator of quiescence. It has
been supposed that quenching mechanisms such as AGN
and stellar feedbacks become more efficient when the stel-
lar density reaches a certain threshold (van Dokkum et al.
2015; Whitaker et al. 2017). Although there is not an ex-
plicit threshold of quiescence, what would be expected is
that galaxies with higher Σ1.5 levels are more likely to be
quenched.
The Σ1.5 difference between blue and red galaxies is more
prominent at lower end of mass. For the lower mass bin, the
green galaxies have the higher Σ1.5 than the blue galaxies
at 0.5 < z < 2. The green and blue galaxies tend to have
similar Σ1.5 distributions at higher redshifts and at high mass
end.
3.4. The Mass Dependence of Nonparametric Measurement
Nonparametric measurements are advantageous for galax-
ies at high redshifts, where a larger fraction of them may be
irregular and do not have distinct centers (see the review by
Conselice 2014). The last three lines of Figure 4 show the
distributions of these nonparametric measurements (C, G,
andM20) as functions of stellar mass for the massive galaxies
in four redshift bins.
In general, these is a similar behaviour between the con-
centration index (C) and Gini coefficient (G) over all red-
shift ranges. No significant C −M∗ and G −M∗ correla-
tions are found for the green and blue galaxies over all red-
shift ranges, with absolute value of correlation coefficients
less than 0.3. The quiescent galaxies with prominent bulge
components (i.e., Se´rsic index n > 2.5) are commonly found
to have larger values of C and G. Just as Peth et al. (2016)
pointed out, for galaxies with n < 3, their concentration in-
dices and Gini coefficients are proved to be sensitive to the
Se´rsic index n. The values ofC andG tend to be a large con-
stant (i.e., C ∼ 0.65 and G ∼ 0.72) for the bulge-dominated
galaxies with n > 3. For the red galaxies at 1 < z < 2,
their C and G values are weakly correlated with stellar mass
(|rs| ∼ 0.3 − 0.4). The red galaxies at z < 1.0 have simi-
larly large values of C and G, with no C −M∗ andG−M∗
correlations.
As to the M20 distributions, more massive galaxies tend
to have lower M20 values on average. In general, the M20
MASS DEPENDENCE OF STRUCTURE AND SFR FOR GALAXIES AT 0.5 < z < 2.5 9
0.0
0.2
0.4
0.6
0.8
1.0
lo
g(
r e
)[
k
pc
]
0.5 ≤ z ≤ 1.0a)
rs = 0.52
rs = 0.23
rs = 0.66
BC sample
GV sample
RS sample
1.0 ≤ z < 1.5b)
rs = 0.39
rs = 0.26
rs = 0.50
1.5 ≤ z < 2.0c)
rs = 0.36
rs = 0.24
rs = 0.36
2.0 ≤ z < 2.5d)
rs = 0.31
rs = 0.20
rs = 0.32
1
2
3
4
5
6
n
e)
rs = 0.27
rs = 0.30
rs = 0.30
f)
rs = 0.20
rs = 0.11
rs = 0.15 g)
rs = 0.04
rs = 0.02
rs = −0.01 h)
rs = −0.04
rs = −0.01
rs = −0.04
9.00
9.25
9.50
9.75
10.00
10.25
10.50
10.75
lo
g(
M
∗
r−
1
.5
e
)[
M
⊙
k
pc
−
1
.5
] i)
rs = 0.32
rs = 0.50
rs = 0.20
j)
rs = 0.40
rs = 0.47
rs = 0.25
k)
rs = 0.53
rs = 0.49
rs = 0.32
l)
rs = 0.56
rs = 0.45
rs = 0.21
0.2
0.3
0.4
0.5
0.6
0.7
C
m)
rs = 0.09
rs = 0.17
rs = 0.01
n)
rs = 0.20
rs = 0.04
rs = 0.38
o)
rs = 0.16
rs = 0.02
rs = 0.39
p)
rs = 0.09
rs = −0.06
rs = 0.32
0.4
0.5
0.6
0.7
0.8
G
q)
rs = 0.09
rs = 0.14
rs = −0.02
r)
rs = 0.21
rs = 0.07
rs = 0.27
s)
rs = 0.20
rs = 0.03
rs = 0.34
t)
rs = 0.11
rs = −0.03
rs = 0.25
10.0 10.4 10.8 11.2 11.6
log(M∗/M⊙)
−2.2
−2.0
−1.8
−1.6
−1.4
−1.2
M
2
0
u)
rs = −0.44
rs = −0.30
rs = −0.60
10.0 10.4 10.8 11.2 11.6
log(M∗/M⊙)
v)
rs = −0.34
rs = −0.08
rs = −0.60
10.0 10.4 10.8 11.2 11.6
log(M∗/M⊙)
w)
rs = −0.25
rs = −0.06
rs = −0.40
10.0 10.4 10.8 11.2 11.6
log(M∗/M⊙)
x)
rs = −0.10
rs = 0.06
rs = −0.39
Figure 4. From top to bottom: the structural parameters, re, n, Σ1.5, C, G, and M20, as a function of the stellar mass for the RS (red), GV
(green), and BC (blue) galaxies at 0.5 < z < 2.5. For each galaxy population, four redshift bins and three stellar mass bins are considered.
In each redshift and mass bin, the data point and error bar (RS: red dot; GV: green triangle; BC: blue square) represent the median and the
25th to 75th percentiles of the distribution for each sub-sample, respectively. For each galaxy population in a redshift bin, the Spearman’s rank
correlation coefficient (rs) is given together with a linear fit (solid line).
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difference between blue and red galaxies is more significant
at higher redshift. The red galaxies have lower median of
M20 than the blue galaxies over whole ranges of redshift and
mass, which points to an overall trend that baryonic matters
in blue galaxies are gradually migrating to the center. For
the red, green, and blue galaxies at 0.5 < z < 1, corre-
lations between M20 and stellar mass can be clearly found
with |rs| > 0.3. The M20 values of red galaxies exhibit
anti-correlations with stellar mass, with the largest absolute
values of correlation coefficient (|rs| = 0.35 − 0.57). The
green galaxies show a weaker correlation betweenM20 and
mass. For the blue galaxies at z > 1, no mass dependence of
M20 can be found.
4. RELATION BETWEEN SFR AND STELLAR MASS
The relation between star formation history and morphol-
ogy since z ∼ 2.5 has been studied (e.g., Wuyts et al. 2011b;
Lee et al. 2018). In this section, we explore how the colors
and morphologies of massive galaxies correlate with their lo-
cations in the SFR−M∗ diagram.
4.1. SFR−M∗ Relations for BC, GV, and RS Populations
At first we present the contour maps in the SFR-M∗ di-
agram for the three galaxy populations in four redshift re-
gions in Figure 5. The linear fittings for BC, GV, and RS
galaxies are also given. The best-fitting coefficients for the
three galaxy populations in four redshift slices are tabulated
in Table 1. Generally, a rising trend of the overall SFR along
redshift is very clear (e.g, Speagle et al. 2014; Whitaker et al.
2014). The slope tends to be larger at higher redshifts for all
populations. For the blue galaxy population, the intercepts
do not change too much, which is consistent with the peak
of star-forming rate density at z ∼ 2 (Madau & Dickinson
2014). It is found that the GV population is located in an
intermediate region, between BC and RS, on the SFR-M∗
diagram. The sequence moving from BC to RS is a sequence
that SFR decreases. Although both SFR and dust corrected
U-V color are correlated with the amount of recently formed
stars relative to the evolved, we stress that they will have
the different changes as the amount of young population in-
creases. At z ∼ 2, it is found that the GV contours tend to
overlap with the BC contours, which implies that it is hard
to distinguish the green galaxies from blue galaxies at early
epoch. The reason might be that the bimodality is weaken at
higher redshifts. Another alternative is also likely due to the
greater uncertainty in determinations of SFR and dust atten-
uation at higher redshifts.
4.2. SFR−M∗ Relations for Different Morphologies
It has been found that these is a strong correlation of
galaxy structural properties with their relative deviations
from the SFMS on the SFR-M∗ plane (Wuyts et al. 2011b;
Brennan et al. 2017; Lee et al. 2018). A nearly monotonic
trend towards higher n, smaller re, and higher stellar density
is found as galaxies move away from the SFMS. The semi-
analytic model (SAM) can reproduce this trend, in which the
bulge growth driven by mergers and disc instabilities is ac-
companied by the growth of central supermassive black hole,
and the AGN feedbackmay regulate or quench star formation
activities (Brennan et al. 2017). We already find that the blue
galaxy population is dominated by late-type disk (LTD) and
irregular (IRR) galaxies, whereas the red galaxy population
is dominated by spheroid/bulge dominated (SPH) galaxies
(Gu et al. 2018). The correlation between morphology and
galaxy population is remarkable, which is consistent with the
morphology – sSFR relation in the local universe (Bait et al.
2017). The green galaxies are often considered to be under
transition from star forming phase to quiescent one.
The morphologies for green galaxies are various, and
are intermediate between those of RS and BC, which is
consistent with some previous works (Mendez et al. 2011;
Salim et al. 2014; Ichikawa & Matsuoka 2017), suggest-
ing that quenching processes are accompanied by the
buildup of bulge. With a large sample of green galaxies
at 0.5 < z < 2.5 in 3D-HST /CANDELS, we can observe
how their morphologies transform along a sequence from the
late- to early-type galaxies (i.e., from IRR to LTD to ETD to
SPH) when they move far away from the SFMS. The galaxy
morphologies and locations of the three galaxy populations
on the SFR−M∗ plane are shown in Figure 6. The galaxies
with different morphologies are denoted in different colors.
Our linear fitting results for the green galaxies with different
morphologies are also shown in each redshift slice.
The morphological transformations from IRR to SPH
may reflect the process of bulge buildup during the star-
formation quenching. Such a morphological change can
be explained by some violent and rapid processes, such as
galaxy mergers (Toomre & Toomre 1972) or protogalactic
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Figure 5. Distributions for the three galaxy populations in SFR-M∗ plane in four redshift bins. The red dotted, green solid, and blue dashed
contours represent the red, green, and blue galaxy populations, respectively, and contours contain 20%, 50%, and 80% of data points from
inside to outside. The linear fits for the three galaxy populations are also shown as the heavy solid lines.
Table 1. The coefficients of linear fits for BC, GV, and RS populations in four redshift slices, where the error
bars are 95% confidence limits.
redshift range Blue galaxies Green galaxies Red galaxies
α±∆α β ±∆β α±∆α β ±∆β α±∆α β ±∆β
0.5 6 z < 1.0 0.71 ± 0.10 1.05 ± 0.04 0.77± 0.11 0.41± 0.06 0.59± 0.07 −0.24± 0.04
1.0 6 z < 1.5 0.82 ± 0.07 1.24 ± 0.03 0.77± 0.11 0.90± 0.06 0.53± 0.10 0.19± 0.06
1.5 6 z < 2.0 0.81 ± 0.07 1.48 ± 0.03 0.83± 0.11 1.13± 0.07 0.63± 0.12 0.40± 0.08
2.0 6 z 6 2.5 0.95 ± 0.07 1.47 ± 0.03 0.98± 0.11 1.27± 0.07 0.69± 0.19 0.67± 0.12
NOTE—The SFR−M∗ relations for three populations are parameterized as log(SFR) = α[log(M∗/M⊙) −
10.0] + β.
collapse due to disc instability (Dekel et al. 2009). An al-
ternative interpretation of morphological transformation is
internal and environmental secular processes, such as bar
instabilities, galactic wind, minor mergers, and harassment
(Kormendy & Kennicutt 2004). It can be seen in Figure 6
that a vast majority of BC population is late-type galaxies
whereas a majority of RS population are early-types. In
particular, the blue galaxies at z > 1 are predominated by
the irregulars. The blue galaxies with various morphologies
have very tight SFR−M∗ correlations. At 0.5 < z < 1.0,
the green galaxies with irregular morphologies have higher
SFRs, which is close to the SFMS of blue SFGs (see Figure
6).
For GV population, the SPH galaxies are found to have
a lower mean SFR in the SFR distributions. We find a
weak, but clear trend at 0.5 < z < 1.5 that the SFR−M∗
relations evolve systematically along the morphological se-
quence, with a decreasing SFR trend from IRR to SPH. It
suggests a gradual transformation of morphology at low red-
shifts. For the green galaxies at higher redshifts (z > 1.5),
it is hard to distinguish the difference between the SFR−M∗
relations for the SPH, ETD, LTD, and IRR galaxies. This
suggests a very short time scale of morphology transforma-
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Figure 6. Morphological distributions for three galaxy populations on SFR-M∗ plane in four redshift bins. Locations and proportions of
galaxies with the SPH, ETD, LTD, and IRR morphologies are represented in pink, orange, cyan, and gray colors, respectively. We overlap the
same contours of BC, GV, and RS galaxies as in Figure 5. The linear fittings for the morphological subsamples are also given. Dashed lines
represents the subsamples containing a small fraction (6 10%) of galaxies, and solid lines for the big subsamples.
tion at higher redshifts. There is a clear trend that the IRR
fraction for GV population increases dramatically with red-
shift. At 1.5 < z < 2.5, more than 50% of green galaxies are
found to be irregular, indicating a higher probability of major
merger or disc instability during star formation quenching at
z ∼ 2. Such violent events may drive AGN and/or supernova
feedbacks, and play an important role in the rapid quenching
of star formation. At lower redshifts (0.5 < z < 1.5), more
scattered SFR distributions can be found for green galaxies,
which perhaps implies a longer time scale of morphology
transformation at lower redshifts.
5. DISCUSSION
5.1. Structure Transformation and Quenching
Histories of stellar mass assembly for galaxies are mainly
classified into two distinct modes: “inside-out” and “outside-
in” (Pan et al. 2016; Wang et al. 2017). In the “inside-out”
assembly mode, star formation quenching takes place first
in the center region of a galaxy, which may be due to AGN
feedback depleting, heating or blowing out the gas in galac-
tic center (e.g., Kauffmann et al. 2004, Croton et al. 2006,
Fabian 2012, Dekel & Burkert 2014) or the bulge stabi-
lizing gas in the disk from collapsing (i.e., so-called “mor-
phological quenching”; Martig et al. 2009). In the outside-
in assembly mode, the cessation of star formation starts
on the outskirt region, which may be due to the environ-
mental effects striping the gas from the outskirts , such
as gas stripping and galaxy harassment (Moore et al. 1996;
Gunn & Gott 1972; Guo et al. 2017; Papovich et al. 2018).
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Figure 7. Median values of the structural parameters (re, n, Σ1.5, C, G, andM20) as a function of stellar mass and redshift for blue galaxies
(blue squares), green galaxies (green triangles), and red galaxies (red dots). The stellar mass bins are 10.0 6 log(M∗/M⊙) < 10.4 (solid
lines), 10.4 6 log(M∗/M⊙) < 10.8 (dashed lines), and log(M∗/M⊙) > 10.8 (dotted lines).
These two assembly modes are expected to change the light
profile of a galaxy in a different way during its quenching
process (from BC to GV to RS). The evolution of massive
galaxies can be regarded as a process of mass assembly. By
assuming that green galaxies are in the transitional phase
from star-forming to quiescent status, the changes of struc-
tural parameters for blue, green, and red galaxies may reflect
the mass dependence of morphological transformations dur-
ing star formation quenching.
Observations reveal the morphology/structure – SFR/color
relations (especially at a fixed stellar mass) (e.g., Cameron et al.
2009, Wake et al. 2012, Omand et al. 2014, Bluck et al.
2014, 2016, Woo et al. 2015, Teimoorinia et al. 2016). In
general, we also find that there is a clear offset in structure
and star formation rate between massive blue and red galax-
ies. The morphological distinctions between blue and red
galaxies are a manifestation of structural transformation dur-
ing the quenching phase. Compared with the blue galaxies,
the red galaxies at 0.5 < z < 2.5 in our sample are found
to have smaller effective radius (re), larger Se´rsic index
(n), larger galaxy compactness (Σ1.5), lower concentration
(C), lower Gini coefficient (G), and lower second-order mo-
ment (M20). For the green galaxies at 0.5 < z < 2.0, the
overall distributions of structural parameters in each mass
bin are intermediate between those of red and blue galax-
ies. This points to that morphological transformation (e.g.,
bulge buildup) in the transitional phase is accompanied by
the quenching process, which is consistent with our previous
work (Gu et al. 2018). For the massive (logM∗/M⊙ > 10.8)
blue and green galaxies, their sizes and compactness tend
to be similar, and they show quite distinct structure distri-
butions from red galaxies. It suggests that the inside-out
stellar mass assembly mode dominates in massive SFGs at
higher redshifts, and the change in effective radius will not
be remarkable when the SFGs are partly quenched from in-
side/central regions. These massive galaxies will not appear
to be significantly shrunk until they are completely quenched
into red QGs.
5.2. Redshift Evolution of Structural Parameters
Figure 7 shows the redshift evolutions of the median values
of structural parameters for the blue, green, and red galaxies
within three mass bins: 10.0 6 log(M∗/M⊙) < 10.4 (low
mass bin), 10.4 6 log(M∗/M⊙) < 10.8 (middle mass bin),
and log(M∗/M⊙) > 10.8 (high mass bin). As expected, the
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coverages of re and M20 are wider for the red galaxies at
lower redshifts, and compactnessΣ1.5 for blue galaxies have
a considerable variation from low- to high-mass ends. Inter-
estingly, over the whole redshift range (0.5 < z < 2.5), the
blue and red galaxies in low mass bin are found to have con-
stant Se´sic indices: n ∼ 1 for blue galaxies, and n ∼ 3.5 for
red galaxies. The red galaxies in low mass bin show remark-
able redshift evolutions of the nonparametric measurements
C and G.
The panel (c) of Figure 7 shows a rising trend of compact-
ness Σ1.5 with redshift. The blue SFGs at low redshifts have
the lowest Σ1.5, whereas high-z red galaxies tend to be com-
pact. This trend may help us to understand the rarity of com-
pact SFGs at lower redshifts and the prevalence of compact
QGs at z ∼ 2 (Lu et al. 2019). The panel (f) shows that the
high-z SFGs with lower stellar masses are common to have
the highestM20, which corresponds to very extended struc-
tures.
In Figure 7, it is clear to show that green galaxies are in-
termediate in structure between red and blue galaxies in each
stellar mass bin at z < 2, which supports that green galaxies
are in a transitional phase. Although similar re and Σ1.5 for
BC and GV galaxies is found at high mass end, it suggests the
inside-out stellar mass assembly mode dominates in massive
galaxies, which also discuss in Section 5.1.
5.3. Transition Time-Scale as a Function of Redshift
To back up our opinion of morphological transformations,
we estimate the average transition time-scale as a function of
redshift, following Pandya et al. (2017). Above all, it needs
to make a strong assumption that the quenching process is
a monodirectional track from star-forming galaxies to qui-
escent galaxies. In this paper, we regard the green and red
galaxy populations as the transition and quiescent popula-
tions, respectively. Based on the cubic polynomial fits to the
observed number densities of our BC, GV, and RS galaxies,
the average transition time-scale can be estimated as the fol-
lowing definition:
〈ttransition〉z1,z2 = 〈ntransition〉z1,z2
(
d nquiescent
d t
)−1
z1,z2
,
(4)
where 〈ttransition〉z1,z2 and 〈ntransition〉z1,z2 are the average
transition time-scale and the average number densities of
green galaxies between two closely spaced redshifts, z1 and
z2, and
(
d nquiescent
d t
)−1
z1,z2
is a variation in number density
of red galaxies over a period of cosmic time between z1 and
z2. It is noticed that if the quenching process is not a sim-
ple monodirectional track, the galaxies can move across the
middle region on SFR−M∗ plane more than one time (e.g.,
rejuvenation events or SFMS oscillations). The above mea-
surement of transition time-scale is still meaningful, which
can be interpreted as how long galaxies averagely stay in the
transition region in total. If we remove the strong assump-
tion of the monodirectional evolutionary track, the average
transition time-scale defined here can be regarded as the up-
per limit on the average transition time-scale, as a function of
redshift.
The number densities of galaxies in BC, GV, and RS pop-
ulations as a function of redshift are shown in Figure 3. We
divide our sample into 12 redshift bins. The results of the
cubic polynomial fits are used to estimate the average pop-
ulation transition time-scale using Eq (4). For the massive
galaxies (M∗ > 10
10M⊙), the upper limit on the average
transition time-scale as a function of redshift is shown in Fig-
ure 8. The average transition time-scale increases smoothly
with the cosmic time. As expected, galaxy quenching is on a
fast track at high redshifts, whereas on a slow track at low
redshifts. Given that the quenching processes are accom-
panied by the morphological transformation, the transition
time-scale trend is consistent with the difference of the mor-
phological transformation, as described in Section 4. It is a
natural consequence that a fast morphological transformation
corresponds to a short transition time-scale. It should be em-
phasized that our calculation is only for the massive galaxies
withM∗ > 10
10M⊙.
5.4. The Mass-Matched Sample
Based on a large sample of red, green, and blue galaxies
at 0.5 < z < 2.5, the effective radius (re), the compactness
(Σ1.5), and the second order moment (M20) are found to be
correlated with the stellar mass. More specifically, at least
one of the three galaxy populations in a specified redshift
region shows a clear mass dependence (|rs| > 0.4) of the
above-mentioned three parameters: re (for the red galaxies
at 0.5 < z < 1.5 and the green galaxies at 0.5 < z <
1.0), Σ1.5 (for all the blue galaxies and the green galaxies
at 1.5 < z < 2.5), and M20 (for the red galaxies at 0.5 <
z < 1.5 and the green galaxies at 0.5 < z < 1). On the
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Figure 8. Observational upper limit on the average population tran-
sition time-scale as a function of redshift (green solid line with
shadow representing the propagated errors). The gray area is the
area above the age-redshift relation. The average transition time-
scale is increasing with cosmic time, which is consistent with the
fast track dominated at high redshift, whereas the slow track domi-
nated at low redshift.
other hand, the other parameters (n, C, and G) show no or
very weak correlations (|rs| < 0.4) with stellar mass over the
whole redshift range. Therefore, we should take special care
of stellar mass distribution when discussing cosmic evolution
of the following three structural parameters: re, Σ1.5, and
M20.
In order to minimize the stellar mass effects on the statis-
tics of these three structural parameters (i.e., re, Σ1.5, and
M20), we build a “mass-matched” sample of massive galax-
ies at 0.5 < z < 2.5 to ensure that the selected BC,
GV, and RS galaxies have the same distributions of redshift
and stellar mass. For a given redshift slice (∆z = 0.1)
and mass interval (∆ log(M∗/M⊙) = 0.1) , the number
of galaxies in the mass-matched sample is defined by the
minimum count among three populations. Specifically, for
each galaxy with (z0, M∗,0) in the galaxy population with
the minimum count, the unique galaxy with the smallest
value of
√
(zi − z0)2 + (logM∗,i − logM∗,0)2 is picked up
from other two populations into the mass-matched sample.
As a result, three populations in the mass-matched sam-
ple have the same galaxy count in each redshift bin, and
have similar distribution of stellar mass. Finally, a mass-
matched sample including 1686 galaxies for each galaxy
population is achieved. Figure 9 shows the distributions of
stellar mass for the three galaxy populations in original (i.e.,
red, green, and blue lines) and mass-matched samples (i.e.,
gray histograms). The Kolmogorov-Smirnov (KS) tests are
performed to check whether the M∗- and z-distributions of
green galaxies in the mass-matched sample are similar to
those of red and blue galaxies. Table 2 lists the sample size
and the KS probabilities.
We compare the structural results of the mass-matched
sample with those of the original samples. Figure 10 shows
the redshift evolutions of the median values of effective ra-
dius, compactness, andM20. The thin dashed lines represent
results of the original samples, and the thick lines represent
those of the mass-matched sample. The mass-matched sam-
ple gets rid of excess proportion of low-mass blue galaxies,
and the median value of stellar mass of blue galaxies is raised
statistically. On the contrary, some high-mass green and blue
galaxies are rejected, and their median values of stellar mass
decrease. Thus, the median re of blue galaxies is signifi-
cant larger than that of green galaxies at z < 2 in the mass-
matched sample. However, it is still hard to differentiate the
size distributions for blue and green galaxies at z > 2, which
suggests that green and blue galaxies possess the similar sizes
at z > 2. The compactness Σ1.5 of red galaxies is still dis-
tinct from those of blue and red galaxies after mass matching.
It should be noted that the median compactness for blue and
green galaxies trend to converge at z > 2, suggesting that
green and blue galaxies may possess the similar structures at
z > 2.
As shown in Figure 4, the values of M20 are not strongly
correlated with stellar mass for blue galaxies especially at
high redshifts (z > 1.5). Although the medianM∗ value of
blue galaxies increases after mass matching, the medianM20
value of blue galaxies, as a function of redshift, is still not
changed. For green and red galaxies,M20 may anti-correlate
with stellar mass. The green and red galaxies in the mass-
matched sample are found to have systematically higherM20
values.
The three structural parameters (i.e., re, Σ1.5, and M20)
that correlate with stellar mass do have considerable changes.
It should take special care of stellar mass distribution when
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Figure 9. Distributions of stellar mass in four redshift bins for the BC (blue), GV (green), RS (red) galaxies, and mass-matched samples (gray
histograms), respectively. Color bars at the top of each panel represent the median values of stellar mass for the original and mass-matched
samples.
Table 2. Sample size and results of the KS tests of the
M∗- and z-distributions
redshift galaxy z-distribution M∗-distribution
range number Pg−b Pg−r Pg−b Pg−r
0.5−1.0 440 0.957 0.688 0.957 0.996
1.0−1.5 491 0.998 0.891 0.998 0.987
1.5−2.0 438 0.977 0.999 1.000 0.999
2.0−2.5 317 0.781 0.692 0.994 1.000
discussing and comparing the distributions of re, Σ1.5, and
M20. It is confirmed that green galaxies have intermediate
structural parameters at z < 2 on the basis of the mass-
matched samples, which supports that green galaxies are in a
transitional phase. Additionally, blue and green galaxies are
also confirmed to have similar structural parameters at z > 2
by the statistics of the mass-matched sample.
6. SUMMARY
By combining the multi-wavelength data in five 3D-
HST /CANDELS fields, we construct a sample of massive
(M∗ > 10
10M⊙) galaxies at 0.5 6 z 6 2.5, covering
∼ 900 arcmin2 in total. Based on the extinction-corrected
rest-frame U − V color, we separate galaxies in our sam-
ple into the BC, GV, and RS galaxies up to z ∼ 2.5 (the
original sample, Gu et al. 2018). The mass dependence of
the structural parameters (i.e., re, n, Σ1.5, C, G, and M20)
are studied for the massive blue, green, and red galaxies
at 0.5 < z < 2.5. The morphologies and relatively dis-
tributions of the three galaxy populations on the SFR-M∗
plane are investigated, especially for green galaxies. Finally,
we build a mass-matched sample to re-examine the redshift
evolutions of structural parameters.
Our conclusions are summarized as follows:
1. Over ranges of stellar mass (M∗ > 10
10M⊙) and red-
shift (0.5 < z < 2.5), some structural parameters (say, re,
Σ1.5, andM20) are found to be correlated with stellar mass,
where at least one of three populations shows a clear correla-
tion with stellar mass. However, the other structural param-
eters (say, n, C, and G) are likely to be insensitive to stellar
mass, showing no/weak correlation with stellar mass for all
three populations.
2. It is confirmed by the the SFR−M∗ diagram that our
selection criteria of green galaxies based on the extinction-
corrected rest (U − V ) color works well in sample construc-
tion. For the green galaxies at 0.5 < z < 1.5, the mor-
phological map in the SFR–M∗ diagram shows a sequence
of morphology transformation (from IRR to SPH, i.e., bulge
growth) as they deviate from the SFMS. It indicates that rapid
and violent events such as mergers and disc instability come
to be dominant mechanism of morphological transformation
at z ∼ 2, while secular processes might be responsible for
morphology change at 0.5 < z < 1.5.
3. There is a clear offset in structure and star formation rate
between massive blue and red galaxies at a fixed mass bin,
suggesting that the structural transformation is accompanied
by the quenching phase. The overall trend is that massive
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Figure 10. Redshift evolutions of the median values of re, Σ1.5, and M20. The thin dashed lines represent the results of the original samples
and the thick lines represent the results of the mass-matched samples. The blue square, green triangles, and red dots represent the BC, GV, and
RS galaxies, respectively.
galaxies are being more compact and bulge-dominated (nu-
cleated) during star formation quenching.
4. The distinctions in re and Σ1.5 distributions between
blue and green galaxies begin to break down at the higher
ends of mass and redshift. The similar sizes and compactness
for the high-z massive blue and green galaxies suggests that
these galaxies will not appear to be significantly shrunk until
they are completely quenched into red QGs.
5. For the green galaxies at 0.5 < z < 1.5, a morphologi-
cal transformation sequence of bulge buildup can be seen as
they are gradually shut down their star formation activities,
while a faster morphological transformation is verified for
the green galaxies at 1.5 < z < 2.5. Our results imply that
secular processes take the control of morphological transfor-
mations at 0.5 < z < 1.5, while mergers and/or violent disc
instabilities come to be dominant at 1.5 < z < 2.5.
6. After minimizing the mass effect by using mass-match
samples, we confirm that the GV population is a transitional
population when blue galaxies are being quenched into red
galaxies, since the morphological and structural parameters
of green galaxies are found to be intermediate between those
of blue and red galaxies at z < 2.
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